A new ab initio interaction energy surface and high-resolution spectra of the H 2 -C O van der Waals complex J. Chem. Phys. 123, 104301 (2005); 10.1063/1.2008216 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation. We present a new four-dimensional potential energy surface for the collisional excitation of HCN by H 2 . Ab initio calculations of the HCN-H 2 van der Waals complex, considering both molecules as rigid rotors, were carried out at the explicitly correlated coupled cluster with single, double, and perturbative triple excitations [CCSD(T)-F12a] level of theory using an augmented correlationconsistent triple zeta (aVTZ) basis set. The equilibrium structure is linear HCN-H 2 with the nitrogen pointing towards H 2 at an intermolecular separation of 7.20 a 0 . The corresponding well depth is −195.20 cm −1 . A secondary minimum of −183.59 cm −1 was found for a T-shape configuration with the H of HCN pointing to the center of mass of H 2 . We also determine the rovibrational energy levels of the HCN-para-H 2 and HCN-ortho-H 2 complexes. The calculated dissociation energies for the para and ortho complexes are 37.79 cm −1 and 60.26 cm −1 , respectively. The calculated ro-vibrational transitions in the HCN-H 2 complex are found to agree by more than 0.5% with the available experimental data, confirming the accuracy of the potential energy surface. © 2013 AIP Publishing LLC.
I. INTRODUCTION
Hydrogen cyanide (HCN) is a central molecule in the physical-chemistry of many media. For example, HCN is an important intermediate in the combustion reactions of hydrocarbon flames containing a nitrogen source. 1 HCN is also an important constituent of earth and planetary atmospheres 2 and plays a major role in the physical chemistry of these atmospheres. For example, in Titan atmosphere, HCN rotational emission is the dominant cooling process and is therefore responsible for the thermal structure of the thermosphere. 3 From the astrophysical point of view, HCN is ubiquitous. Hydrogen cyanide is one of the most observed molecule in the interstellar medium (ISM). Owing to its large dipole moment, this molecule and its closely related molecule HNC are frequently used by astronomers to determine the physical and chemical conditions in many regions of the ISM. [4] [5] [6] [7] [8] [9] They are also powerful probes of high density gas, as at the opposite of molecules like CO or CS, they do not seem to deplete on grain surfaces in the denser cold part of prestellar cores. 10 The analysis of the astronomical HCN emission spectra requires the knowledge of accurate spectroscopical data, as well as collisional rate coefficients with the most abundant interstellar species. Indeed, collisional processes contribute, in competition with the radiative processes, to populate the rovibrational levels of the molecules. Consequently, the calcua) otonieldenisalpizar@gmail.com b) francois.lique@univ-lehavre.fr lation of rate coefficients for the rotational excitation of HCN by H 2 (H 2 being the most abundant collisional partner is the ISM) has been a major goal for astrochemistry.
The first work dedicated to the rotational excitation of HCN by collisions with He atoms (as a model for H 2 ) was performed by Green and Thaddeus 11 in 1974. Then, many collisional studies of astrophysical interest have been devoted to the HCN-He collisional system and we just mention here the most recent ones. [12] [13] [14] However, in all these studies, He was used as a model for H 2 and recent results on rotational excitation of SO, 15 SiS, 16, 17 or HNC 18 have pointed out that rate coefficients for collisions with H 2 are generally different from those for collisions with He, particularly for the case of collision with ortho-H 2 .
Recently, Ben Abdallah et al. 19 have studied the rotational excitation of HCN by collisions with H 2 and provided rate coefficients for the rotational and hyperfine (de-)excitation of the HCN by para-H 2 at low temperature. However, these authors computed and used a potential energy surface (PES) averaged over the H 2 rotation, resulting in simplified dynamical calculations only valid for the collisional excitation by H 2 (j = 0) at low temperatures. Then, the validity of the approximation used by Ben Abdallah et al. 19 needs to be checked by comparing with calculations involving a global PES. Moreover, as HCN is also observed in high temperatures astrophysical environments, it seems also important to compute a new global HCN-H 2 PES in order to provide new rate coefficients for the rotational excitation of HCN by H 2 (para-and ortho-H 2 ) at high temperatures. These new data will provide the astronomical community with the necessary tools to interpret HCN emission that will be observed with high spatial and spectral resolutions from the Atacama Large Millimeter/sub-millimeter Array (ALMA) interferometer.
From the experimental point of view, to the best of our knowledge, collisional excitation studies of HCN by H 2 are not available. However, several studies dedicated to the measurement of the HCN-H 2 van der Waals spectrum were performed during the last decade. [20] [21] [22] [23] High resolution infrared 21, 22 and millimeter-wave spectroscopy combined with a pulsed supersonic jet technique 20 have been used to study the van der Waals complex structure in great detail. Very recently, Fourier-transform microwave spectroscopy was applied to observe rotational transitions in the HCN-H 2 complex (both para-and ortho-H 2 species) in order to improve hyperfine molecular constants of the complex. 23 From these studies, Ishiguro et al. 20 and Moore et al. 21 were able to show that ortho-H 2 and para-H 2 bind at opposite ends of HCN. Moore et al. 22 used an average one-dimensional ab initio model of the PES to justify this analysis.
In this paper, we present a new four-dimensional (4D) potential energy surface for the HCN-H 2 system obtained from first principle calculations. As a first application and in order to check the accuracy of the new PES, we compute the bound energy levels of HCN-para-H 2 and HCN-ortho-H 2 complexes and compare the calculated HCN-H 2 frequencies with the experimental ones. 20, 23 This paper is organized as follows. The ab initio calculations and the analytical representation of the PES are described in Sec. II. Features of the PES are discussed in Sec. III. The bound levels of the complexes and the comparison of calculated and experimental transitions frequencies are presented in Sec. IV.
II. Ab initio CALCULATIONS AND ANALYTICAL REPRESENTATION

A. Ab initio calculations
In the present work, we use the Jacobi coordinate system presented in Fig. 1 . The origin of coordinates is placed at the center of mass of the HCN molecule and the vector R connecting HCN and the center of the H 2 bond is directed along the z-axis. The rotation of HCN and H 2 molecules is defined by θ and θ angles, respectively. ϕ is the dihedral angle.
A very recent study dedicated to the ro-vibrational excitation of HCN by He 14 showed that neglecting the bending of HCN is a very reasonable approximation for treating the FIG. 1. Jacobi coordinate system of the HCN-H 2 system. pure rotational rotational excitation at low and moderate temperatures. Indeed, some of us computed a 4D PES taking in account the bending angle of the HCN molecule and found that the results for the pure rotational excitation were in good agreement with those considering the collisional partner as rigid. Consequently and as we are mainly interested in the pure rotational excitation of the title system, the collision partners are then considered as rigid (i.e., we neglect effects of the normal mode vibrations of the HCN and H 2 ).
As shown before, 24 a better description of the intermolecular potential is obtained by fixing the molecular distance at its averaged value in the ground vibrational level rather than at the equilibrium distance. Accordingly, we used a H 2 bond distance r H-H = 1.448736 a 0 . 25 For HCN, we used the following interatomic distances r CN = 2.17923 a 0 , r CH = 2.01350 a 0 (corresponding to the linear equilibrium geometry of HCN 26 ). Ab initio calculations of the PES of the HCN-H 2 van der Waals complex being in its ground electronic state were carried out at the explicitly correlated coupled cluster with single, double, and perturbative triple excitations [CCSD(T)-F12a] 27 level of theory using an augmented correlation-consistent triple zeta (aVTZ) basis set. 28 The calculations were performed using Molpro 2010 package. 29 Additionally to the aVTZ basis set, density fitting and resolution of the identity techniques (needed for F12 calculations) require auxiliary basis sets. In the present study, we used the default corresponding auxiliary basis sets 30 from Molpro basis set library.
In all calculations, the interaction potential V (R, θ, θ , ϕ) was corrected by the basis set superposition error (BSSE) with the Boys and Bernardi counterpoise scheme
where the energies of HCN and H 2 are computed in the full basis set of the complex.
In order to evaluate the accuracy of CCSD(T)-F12a method in comparison with the standard CCSD(T) method using the aug-cc-pVXZ (X = D, T, Q) basis sets (hereafter aVDZ, aVTZ, aVQZ) and including results extrapolated to the Complete Basis Set (CBS) limit, 32 we have carried out additional calculations for selected angular orientations of the HCN-H 2 complex. The results are reported in Fig. 2 .
As can be seen, the CCSD(T)-F12a together with diffuse basis set of aVTZ quality fully reaches the CCSD(T)/CBS accuracy as previously found for other van der Waals systems such as HCl-He 33 or O 2 -He. 34 This comparison shows again that the CCSD(T)-F12a leads to an excellent description of the interaction energies using a relatively limited atomic basis set.
In order to accurately describe the anisotropy of the potential energy surface, the calculations were carried out for a large grid of angular orientations: we vary the θ angle from 0
• with a step of 10 • , the θ angle from 0
• to 180
• with a step of 15
• , and the ϕ angle from 0
• to 90
• . R-distances vary from 3.5 to 30 bohrs in order to get 39 radial grid points for each angular orientation. 
B. Analytical representation
The angular part of the analytical representation of the PES is represented by a product of normalized associated Legendre functions and a cosine function. Hence, the potential is expressed such as (2) where ν m l 1 ,l 2 (R) are the radial functions. Only even values of l 1 are included in this expansion because of the H exchange symmetry of H 2 . For each value of the radial grid, we fitted the ab initio points using a least squares method. We used a weight function for energies higher than 5000 cm −1 as
By trial and error, the values of the weight function parameter were found to be V 0 = 5000 cm −1 . In total, we get 135 angular coefficients for each radial point.
The analytical representation of the radial coefficients ν m l 1 ,l 2 (R) was divided in three parts, corresponding to the shortrange, the intermediate, and the long-range regions as detailed in the three following expressions:
where the t k (x) is the Tang-Toennies damping function
and α = 1.8 a
0 . These analytical functions allowed us to get an accurate representation of the PES using a least-square procedure to compute the final coefficients. The quality of the fitted surface was checked by evaluating the root-mean-square (RMS) of the differences between the ab initio energies and the fitted energies. For negative energies, the RMS was on the order of 10 −4 cm −1 . For energies in the range 0 ≤ E ≤ 1000 cm −1 , the RMS was 0.008 cm −1 while for 1000 < E ≤ 10 000 cm −1 we found the RMS = 3.656 cm −1 . The analytical representation of the PES is available from the authors upon request.
III. FEATURES OF THE POTENTIAL ENERGY SURFACE
The global minimum (D e = −195.20 cm −1 ) of the 4D PES corresponds to a linear geometry of the HCN-H 2 complex with θ = 0
• , θ = 0 • or 180
• , and R = 7.20 a 0 . A secondary minimum of −183.59 cm −1 is found for the T-shape configuration associated with θ = 90
• , θ = 180
• , and R = 7.75 a 0 . This finding is in good agreement with the experimental one of Moore et al. 22 which concludes that linear HCN-H 2 is the most stable geometry of the complex.
The contour plots in Figs. 3 and 4 show the anisotropy of the interaction with respect to the HCN and H 2 rotation. In Fig. 3 , we present the anisotropy of the potential as a function of θ for fixed values of θ and ϕ. As one can see, there is relatively strong anisotropy of the PES with respect to the θ Jacobi angle. Figure 4 shows the interaction energies for ϕ = 0
• with R relaxing in the range [7.0, 8 .0] a 0 . Here again, we found a relatively strong anisotropy of the PES with respect to these two Jacobi angles. Therefore, we can anticipate that rotational state of H 2 will significantly influence the magnitude of the HCN excitation cross sections.
In Fig. 4 , we can see the secondary minimum associated with the T-shape configuration (with the H of HCN pointing to the center of mass of H 2 ) which is only 11.61 cm −1 above the global minimum. Then, we expect this configuration of the HCN-H 2 complex to be almost equally important for the dynamics of the system.
The analysis of the PES features may be supplemented by taking advantage of the H exchange symmetry of the H 2 molecule and averaging our PES over the para and ortho rotational wave function of H 2 such as
where j 1 denotes the rotational angular momentum of H 2 . The projection of j 1 on the intermolecular axis is k. This integral was evaluated numerically, using a GaussChebyshev quadrature of 20 points for the integration over ϕ and a Gauss-Legendre quadrature with 10 points over θ . of the complex is obtained for the linear configuration of HCN-H 2 and for an intermolecular separation of 8.14 a 0 . This surface can be compared with the approximate PES of Ben Abdallah et al. 19 Our averaged surface, with a minimum of −79.23 cm −1 , is 8.46 cm −1 deeper than the one presented by Abdallah et al. 19 while the secondary minimums obtained in both cases for a value of θ close to 60
• , differ only by 1.1 cm −1 . But the most interesting result is that they found the most stable configuration for θ = 164
• while we obtained it for a linear configuration of HCN in agreement with the conclusions of the experiments of Ishiguro et al. 20 These differences result from the fact that they averaged over ϕ and θ using only three different angular configurations of the complex.
In the ortho-H 2 (j 1 = 1) case, the wave function can be (j 1 = 1, k = 0) or (j 1 = 1, k = ±1). We plotted the two corresponding averaged potentials in Figs. 5(b) and 5(c). These averaged potential are deeper than the one obtained for para-H 2 . In both cases, the minimum corresponds to a linear configuration of the complex, but with θ = 0
• or 180
• . These two configurations of the HCN-ortho-H 2 complex are corresponding to the H atom and to the N atom of HCN pointing towards H 2 , respectively, while experimental observations of Moore et al. 21, 22 lead to a linear configuration of the complex with the H atom of HCN pointing towards H 2 .
Then, in order to understand the nature of interactions in HCN-H 2 system, we have performed analytical calculations of interaction energy based on multipolar expansion. In the framework of the long-range approximation, 35 the potential energy of two interacting systems can be written as
where E elec , E ind , and E disp are the electrostatic, induction, and dispersion contributions to the total interaction energy of the complex. For interacting HCN and H 2 molecules, the electrostatic, induction, and dispersion terms from R −4 through the order of R −8 are where α = (α xx + α yy + α zz )/3 is a mean polarizability. Superscripts A and B denote molecules HCN and H 2 , respectively. In the present work, we adopted the tensor notations of Buckingham. 35 Definition of multipole moments and polarizabilities is presented in Table I 
is the symmetric tensor relative to the permutation of any pair of subscripts. The tensor T of rank n, T (n) , is proportional to R −(n+1) . There is a summation over repeated indexes. Expression (12) was obtained in "constant-ratio" approximation, 36 which allows to evaluate dispersion contribution through static properties of subsystems and isotropic C 0 6 dispersion coefficient. One should note, that all properties in Eqs. (10)- (12) are represented in the coordinate system of the complex.
The values of multipole moments and polarizabilities used in analytical calculations are presented in Table I . These values were calculated in the coordinate system of monomers at the CCSD(T)/aV5Z level of theory using finitefield method of Cohen and Roothaan 37 since it was not possible to compute them at the CCSD(T)-F12 level. The isotropic dispersion coefficient C 0 6 = 34.148 E h a 6 0 was calculated at the CCSD PROPAGATOR method 38 using the Molpro routine. 39 In Fig. 6 , we present the major contributions to the interaction energy in long-range approximation for the equilibrium configuration of HCN-H 2 complex. One can see that the electrostatic interactions are dominant for this complex. The leading electrostatic term is the H 2 quadrupole-HCN dipole interaction proportional to μR −4 ; the H 2 quadrupole-HCN quadrupole and H 2 quadrupole-HCN octupole interactions proportional to R −5 and R −6 , compensate each other. The other contributions are relatively small and do not contribute much to the behavior of the long range PES. Figure 7 shows the curves of the interaction energy for different orientations of monomers at long-range separations. There is a good agreement between the CCSD(T)-F12a results and analytical calculations for R > 13 a 0 , which confirms (10) to (12) .
that both analytical and ab initio calculations have a correct physical behavior. This also means that the present PES can be used with confidence to describe cold molecular collisions.
IV. BOUND STATES CALCULATIONS
We used a close coupling approach to compute the rovibrational energy levels of the HCN-H 2 complex. As described in a previous study, 41, 42 we implemented the bound state calculations in our diatom-diatom Close Coupling scattering code according to the approach proposed by Danby 43 and Hutson 44 for the R-matrix and log-derivative propagators, respectively. Recently, we used the same approach to calculate the bound states of several diatom-diatom complexes. 45, 46 Briefly, our code solves the rovibrationally inelastic Close Coupling equations in the space fixed frame using the Jacobi coordinates. The vibrational levels of the van der Waals complex are calculated by performing calculations for all the values of the total angular momentum J and parity leading to bound states.
In the present study, we performed the diatom-linear molecule calculations using for both HCN and H 2 , a rigid rotor description. The calculations were done separately for ortho-and para-H 2 . We used the vibrationally averaged rotational constants for both molecules (B = 59.322 cm −1 for H 2 47 and B = 1.47822 cm −1 for the HCN 48 ). The convergence of the bound levels of HCN-H 2 complex with respect to the HCN and H 2 rotational basis was tested. Twelve rotational states were included in the basis set describing the HCN molecule while for para-H 2 we included two rotational states. In the case of HCN-ortho-H 2 , we also included two rotational states for ortho-H 2 and 13 for HCN. The maximum propagation distance was 50 a 0 .
The calculations were performed for two values of the propagator step size (0.1 and 0.05 a 0 ) and the values of the bound state energies were obtained from a Richardson extrapolation as suggested by Hutson. 44 The results of the lower bound states calculations are presented in Tables II and III . The other energy levels are available in the supplementary material. 49 The rovibrational energies are given relative to the ground state energy of infinitely separated HCN and para-H 2 . The spacing between the levels j 1 = 0 and j 1 = 2 in the para form and between the j 1 = 1 and j 1 = 3 levels in the ortho form are larger than the well depth of the potential. Consequently, all the HCN-para-H 2 bound states are associated with j 1 = 0 while those of HCN-ortho-H 2 involve only j 1 = 1. For ortho-H 2 , the quantum number associated with the angular momentum j 12 = j 1 + j 2 , where j 2 designates the HCN rotational state and is also necessary to classify the levels as j 1 is non-zero.
In Table II , we report, for the HCN-para-H 2 complex, the energy, the total angular momentum J, and the parity ε (where ε = (−1) j 1 +j 2 +L ) of the lower bound levels (E < 20 cm −1 ). We also assign the approximate quantum number j 2 and the orbital quantum number L. In Table III, we report the same   TABLE II . Lower bound levels (E < 20 cm −1 ) of the HCN-para-H 2 van der Waals complex. The approximate quantum numbers j 2 and L are also given. information for the lower bound levels (E < 77 cm −1 ) of the the HCN-ortho-H 2 complex. In addition, we also assign the approximate quantum number j 12 . This attribution allowed us to determine the transitions of the system in the ground state of HCN and to compare them with the experimental results.
The maximum value of the total angular momentum J leading to bound states is 9 for HCN-para-H 2 and 11 for HCN-ortho-H 2 . The total number of bound states supported by our PES is 101 for HCN-para-H 2 and 330 for HCN-ortho-H 2 . There are around three times more states for the ortho form than for the para form. This is related to the fact that with j 1 = 0, a single value of j 12 is possible for any given value of j 2 , while with j 1 = 1, three values of j 12 are obtained. A similar ratio between the number of ortho and para states was observed previously for the H 2 -O 2 complex. 45 The dissociation energies of the ground states of the para and ortho species are 37.79 cm −1 and 60.26 cm −1 , respectively. These values are at least more than 4 times the dissociation energy found for the HCN-He complex (8.986 cm −1 ) 14 confirming that van der Waals complexes are generally more bonded with H 2 than with He. A comparison with the result of the bound levels calculations for the isoelectronic CO-H 2 complex, 47 also shows a smaller dissociation energy for the para-H 2 complex than for the ortho-H 2 complex. However, the HCN-H 2 complexes have a larger dissociation energy than the complex CO-H 2 (23.7 cm −1 for CO-para-H 2 and 30.8 cm −1 for CO-ortho-H 2 ), as we expected given the difference between the wells depths of these two surfaces.
The bound state energies were used to determine the transitions frequencies in the HCN-H 2 van der Waals complex. In the frequencies calculations, we considered HCN in its ground rotational state. These transitions are compared in Table IV with the spectroscopic data available published by Ishiguro et al. 20, 23 These authors reported several lines including the splitting into several hyperfine components due to the spin angular momentum of the nitrogen nucleus (I = 1). As our calculations do not include the hyperfine structure and because the spin splitting is very small in comparison with the spacings of the rotational lines, we compare our results with those of Ishiguro et al. 20, 23 averaged over the hyperfine components. The agreement between our results and experimental ones is better than 0.5% in all cases. It confirms the accuracy of the new HCN-H 2 PES.
V. CONCLUSION
We have developed a new 4D analytical PES for the HCN-H 2 van der Waals complex based on a large grid of ab initio points obtained at CCSD(T)-F12a level and using an aVTZ basis set. The equilibrium structure of the HCN-H 2 complex was found to be linear with the nitrogen pointing towards H 2 . The corresponding well depth is 195.20 cm −1 . We found a secondary minimum only 11.61 cm −1 above the global minimum in which the H atom of HCN is pointing towards the center of mass of H 2 .
As a first application, the rovibrational bound states were computed within the rigid-rotor approximation. The total number of bound states supported by our PES is 101 for HCN-para-H 2 and 330 for HCN-ortho-H 2 . The dissociation energies of the ground states of the para and ortho species are 37.79 cm −1 and 60.26 cm −1 , respectively. The calculated transitions frequencies are found to be in very good agreement with the experimental available data. This level of agreement suggests that our PES is accurate enough for computing accurate inelastic cross sections.
Finally, the present PES was also compared with the previous existing models. The differences which were found and taking into account the astrophysical importance of this molecule give a supplementary interest to new Close Coupling calculations of the inelastic cross sections which will be performed using this new surface. In particular, inelastic cross sections and rate coefficients will be provided for the first time
